Introduction
The present paper describes experiments which were carried out in order to determine the extent to which the fluid properties of water and other liquids may be modified by the presence of a solid surface. For this purpose, measurements' of the viscous flow of a liquid very near to a surface are particularly suitable, since they provide a sensitive test for the existence of any induced structure in the liquid. If the surface has no appreciable effect, the smallest applied pressure will cause the liquid to flow and the rate of flow plotted against pressure will give a straight line passing through the origin, see fig. 3 . If, however, as many authors have suggested, long chains of oriented liquid molecules, with a definite rigidity are formed by the influence of the surface, the liquid will show a resistance to shear, which will be specially evident at lqw pressures; Poiseuille's law will not hold and the pressure-flow curve will be of the form shown in fig. 4 . A method has been developed for measuring the viscosity of thin liquid films enclosed between flat polished surfaces of glass and steel. The film thickness can be varied from about 10-5 cm to any desired distance and can be accurately determined. The experiments show that films of a liquid, known to possess a bulk structure (liquid crystal), possess a high rigidity, but there is no sign of induced structure in normal liquids even with very thin films and at temperatures near the freezing point.
E xperimental

Viscometer
The viscometer consists essentially of two circular discs with highly polished surfaces which are held parallel and very close to one another. The arrangement of the discs to form the narrow gap through which the liquid flows is shown in fig. 1 (cross-section and plan, not to scale). The upper disc A was made from a carefully annealed block of glass 10 cm in diameter and 2*5 cm thick, the lower surface of which was polished so that across any diameter it was flat to half a fringe. The lower disc B was turned from a cylindrical block of stainless steel 9 • 5 cm in diameter and 6 cm thick. A shallow hole was turned out of the centre of the top face leaving an annular ring of 8 • 5 cm external and 1 • 5 cm internal dia meter. This surface was ground and roughly polished and the whole block skin-hardened by suitable tempering. The surface was then optically polished on pitch, using elutriated chromium sesquioxide as the polishing material. Such a surface was found to be untarnished even by pure acetic acid. The liquid flows up the centre tube T and out through the narrow gap between the annular ring and the top disc. The complete apparatus is shown in fig. 2 .
A brass strip, R, soldered round the circumference of the steel block, formed a reservoir into which the emergent liquid flowed from the annular ring, so that any surface tension effects were eliminated. The surfaces were held apart by four small pieces of platinum foil, about 1 mm square and 10~3 cm thick, placed sym metrically and close to the outside edge of the ring. When the glass disc was pressed down by the screws S, these spac ing pieces sank into the glass surface by an amount depending on the pressure applied, and it was thus possible to adjust the thickness of the gap to any desired value. 
Measurement o f Gap Thickness
The surfaces were adjusted parallel and the gap thickness measured by optical interference. When white light was used for illumination and the distance was less than 4 x 10~5 cm the order of the interference fringes could be recognized from the characteristic colour so that the absolute distance between the plates could be measured. The plates were illuminated perpendicularly by white light and monochromatic light simultaneously, and the top plate was tilted till it touched the lower plate at one edge, and the first order fringe of the monochromatic light fixed upon. The thickness of the gap at this point was then known accurately to be one-half the wave-length of the light used. The top plate was slowly levelled and the monochromatic fringes counted as they moved outwards past the point taken, till the plates were approxi mately parallel, and there was only one broad circular fringe visible.
Tl 1 1 The thickness of the gap was then equal to 2 ...X, where n is the number of fringes counted and X the wave-length of the monochromatic light. The gap was usually convex to nearly ^X owing to the fact that the levelling screws bear on the edge of the top plate. This meant that when the top plate was levelled, one broad circular fringe was visible. When this fringe was concentric with the annular ring the two plates were parallel. To adjust the gap the screws, S, were turned and the number of fringes which collapsed towards the centre was counted and subtracted from the M I 1 # distance ---X. The error introduced by the finite size of the spacing pieces was very small, less than 1%, and could be neglected.
Measurement o f Rate o f Flow
The method of measuring the rate at which the liquid flowed through the gap can be seen in fig. 2 . The hydrostatic pressure of the liquid in the tube M forced it through the calibrated tube G, which was sealed to the bottom disc by the copper glass seal H. This pressure was measured by the height of the meniscus, M ', above, or in the case of backward flow, below, the level of the liquid in the reservoir surrounding the discs. By observing the rate of movement of a short air bubble along the graduated tube, the volume of flow per second could be deter mined.
After cleaning and drying the apparatus, it was assembled in a doubled walled air thermostat. To ensure further temperature control, the graduated tube and the copper glass seal were immersed in a glass-sided water tank. The height of the mercury in the tube M was adjusted so as to be just below the junction with the capillary tube G. The test liquid was filtered through a fine porous glass plug to free it from dust particles, and poured in through the tube M till the top surface of the steel plate was just covered. The four spacing pieces were then placed on the outer edge of the ring, and the glass disc placed on them and levelled. The thermostat was then left for 12 hours to come to equili brium. Under a constant pressure-head the flow was observed to be steady and uniform, but, to obviate any errors caused by slight temperature variations, each measurement was taken over a period of some 60 minutes, and the mean flow for 1 minute was calculated graphically.
Calculation o f Rate o f Flow
If we consider an annular ring with an internal radius of x x and external radius x 2 with an identical surface placed above it at a height of 2a, it is easy to show that the volume of liquid flowing through the annular gap between the two surfaces is given by The volume flowing is proportional to the third power of the gap between the plates. It is obvious that with an arrangement of this sort the rate of flow for small liquid thicknesses will be relatively much greater than for capillary tubes (flow proportional to fourth power of radius) and hence more easily measured.
R esults
Non-polar Liquids
Cyclohexane-The first experiments to test the accuracy of the instru ment were made with cyclohexane. Cyclohexane is a symmetrical non polar molecule whose external field is small, and it is unlikely that the surface will induce a structure in it.
0 -1-0-5 1-0 Rate of flow, in divisions per minute The rate of flow was measured under pressures of from 20 cm of the liquid down to nothing and for negative pressures down to -20 cm of the liquid. The rate of flow was quite uniform at every pressure and was reproducible.
A typical pressure-rate of flow curve for a film thickness of 25 X 10-5 cm is shown in fig. 3 .
It will be seen that the points lie accurately on a straight line which passes through the origin. This shows that thin films of cyclohexane behave as a perfect fluid and are apparently unaffected by the presence of the surface.
Liquid Crystal Ammonium oleate-Ammonium oleate dissolved in water forms a liquid crystal so that the solution possesses a slight rigidity.* This structure exists in the bulk of the liquid and is not due to the presence of a surface. In this paper we are not primarily concerned with the general bulk structure in liquids but with the effect a surface may have in inducing such structure in a normal isotropic liquid. In order, however, to test the ability of the apparatus to detect a structure known to be present, experiments were made with dilute solutions of ammonium oleate.
The pressure-rate of flow curve for a 1% solution of ammonium oleate in water is shown in fig. 4 . Although the gap was a comparatively wide one, 60 x 10~5 cm, evidence for rigid structure is shown clearly in the graph. At low pressures the rate of flow is abnormally small, and the liquid can with stand a pressure corresponding to some centimetres of the liquid, without If the surface can induce a structure in liquids which are normally isotropic, it is more likely to do so with polar liquids which possess a large external molecular field than with non-polar liquids. As will be seen later, Hardy and Nottage, Barnard and Wilson, Watson and Menon, and others apparently found a rigid structure at room temperature in films of alcohol and water 40 X 10~5 cm thick. The viscosities of thin films of alcohol and water were therefore investigated.
Physical Properties o f Surfaces
S. H. Bastow and F. P. Bowden The film thicknesses were 26 X 10-5 and 44 x 10~5 cm. It will be seen that in both cases the liquid behaves as a perfect fluid and shows no evidence of structure. If the effect observed by the above workers extends as they considered for about 40 X 10-5 cm from each surface it should manifest itself clearly in these pressure-flow curves. But curve (i) is for a total thickness of 26 x 10~5 cm, so that no part of the liquid is distant more than 13 x 10-5 cm, and yet it behaves as a perfect fluid.
Water-The results for water at 20° C are shown in fig. 6 . Curve (i) is for a thickness of 51 x 10~5 cm, and curve (ii) is for a thick ness of 16 x 10~5 cm. Again there is no evidence for induced structure at room temperatures.
Flow o f Liquids near the Freezing Point
If the surface is able to capture and hold rigid successive layers of liquid, this is more likely to occur at a temperature near the freezing point where the kinetic energy of the liquid molecules is a minimum. For this reason these measurements were carried out at temperatures very near to the freezing point of the liquid.
Water-The whole apparatus was set up in a freezing room at the Low Temperature Research Station,* and the temperature inside the thermo stat was maintained at 0 • 1 ° C. The results for a film thickness of 30 x 10-5 cm are shown in fig. 7 .
The pressure-rate of flow curve is again linear and passes through the origin showing that even within 0 • 1 ° C of its freezing point there is no evidence for a rigid structure in the film. Some further experiments were made with much thinner films of water. The plates were pressed down until the gap showed first-and second-order interference colours, film thickness about 2 x 10-5 cm. The maximum distance of a water molecule from the surface was about 10~5 cm and most of the water was, of course, much closer; but again there was no sign of rigidity. The smallest applied pressure (less than 1 mm head of water) always caused a normal flow. 0 + 0-5 1-0 1*5 1-5 1-0 05 -divisions per minute Acetic acid-The viscosity of pure acetic acid was examined over a temperature range from 4° C above its melting point to a temperature at which it was supercooled (0 • 5° C below the melting point). The pressurerate of flow curve for a temperature 0 • 5° below the freezing point (film thickness 22 x 10~5) is shown in fig. 8 .
Again there was no evidence for a rigidity in the film. The flow was normal until the liquid solidified.
Flow o f Liquid containing Small Aggregates
FJhyl p a l m i t a t e -If a liquid has small aggregates suspended in it
, it behaves in a very different way from one which has a structure of its own. This is well illustrated by the behaviour of a sample of ethyl palmitate which did not have a very sharp melting point. It remained slightly cloudy over a small-temperature range near its freezing point, and its appearance under the ultra microscope indicated the presence of very small suspended aggregates.
The behaviour of this liquid is shown in fig. 9 . The pressure-flow curves are straight lines passing through the origin, but after 24 hours' flowing it was found that the rate of flow had decreased considerably (though it still gave a straight line passing through the origin). This decreased flow is almost certainly due to a gradual partial blocking of the narrow gap by the small aggregates. That it was due to crystal aggregates and not to dust is shown by the fact that when the temperature 1-2 0*8 0 + 0-4 0-8 1*2 Rate of flow, in divisions per minute was raised this blocking effect disappeared. It was also found that this blocking effect only occurred when the gap was a very narrow one, less than 15 X 10~5 cm. When the gap was increased to 35 x 10~5 cm it disappeared.
These results are important since they show that the method can distinguish between a liquid containing suspended crystalline particles and one which has a structure extending through it-liquid crystal.
Strong Electrolytes-Scott, Blair, and Schofield* have reported that strong solutions of lithium chloride flowing in comparatively wide tubes show a rigidity. In a later paper, however, they state that this was due to experimental error. Measurements were made in this apparatus with thin films, 20 X 10-5 cm of a saturated aqueous solution of lithium chloride, but there was no indication of rigidity. The pressure-flow curves were again linear and passed through the origin.
Calculation o f Film Thickness from Rate o f Flow o f Liquid
It is of interest to calculate the thickness of the liquid film from the observed rate of flow and to compare this with the measured thickness. This is done in Table I . The second column shows the film thickness calculated from the equation, p. 223, on the assumption that the absolute viscosity of the film is the same as that of the liquid in bulk. The third column shows the average thickness of the film measured directly from the interference fringes. No precautions were taken to measure this thickness with great accuracy. It will be seen that the agreement is quite good, showing that within the limit of experimental error the viscosity o f the film is the same as that o f the bulk liquid. This provides a second and independent piece of evidence against the existence of an induced rigid structure in the film.
The Range o f Action o f Surface Forces
Discussion o f Previous Work-There is considerable difference of opinion as to how far the presence of a surface can affect the properties of a gas or liquid in contact with it. Most measurements of the quantity of a gas or liquid which is adsorbed, on a solid surface support Langmuir's view that the adsorbed layer is only one or two molecules thick, but many investigators* consider that it is sufficient to form hundreds and even thousands of molecular layers. The uncertainty of these measurements, however, lies in the lack of knowledge of the accessible area of the under lying surface which may be several hundred times its apparent area.f In liquids, where the molecules are more closely packed than in the gaseous state, there is a greater probability that multi-layers could be built up, and TrillatJ and Perrin § from X-ray measurements, and Taylor|| from measurements of refractive index, found some evidence for a surface orientation extending through relatively thick liquid films. Also Shereshevskyf found that the lowering of the vapour pressure of water and of toluene in capillaries 50 x 10~5 cm in diameter was greater than that calculated from the theory of capillarity. Barnard and Wilson** measured the flow of commercial oils through capillaries 10~3 cm in diameter and found a progressive blocking of the tubes which they took as evidence for the formation of immobile oriented layers of the liquid about 50 x 10~5 cm thick on the walls. Bulkley* repeated their experi ments with filtered oils and found no such effect. The possibility that the surface can induce a rigid structure which extends through water and other liquids to a distance of 40 X 10~5 cm has been suggested by Hardy,f and by Watson and MenonJ who found that liquid films of this thickness could support a plate weighing several grams. In an earlier paper, § however, we described experiments carried out at the late Sir William Hardy's suggestion, which showed that the apparent floating of the plate was due to dust or some similar common place cause.
More recently Derjaguin,|| from observations on the resistance offered by water to the movement of an oscillating lens, concluded that a water film about 1 X 10-5 cm thick has a rigidity about 1/300 that of solid lead. Also Wilsden, Bonnel, and Nottage^f attribute the anomalies found in the vapour pressure, osmotic properties and rate of flow of water in capillaries and fine-pored systems to the existence of oriented chains of molecules extending to a distance of 50 x 10~5 cm from the surface.
C o n c lu sio n
There is no doubt that the properties of a gas or liquid can be profoundly modified by the presence of a solid surface. The first molecular layer which is held to the surface will certainly possess a mechanical rigidity quite different from that of the gas or liquid in bulk. Perhaps a second and third layer and, under some conditions, even a few more layers may be held, but, on theoretical grounds, there is little reason to suppose that the effect of the surface can extend for many molecular diameters.** If the system contains charged ions the range of action may be somewhat greater. There is some evidence from electrokinetic phenomena that the effect of a charged surface influences the distribution of ions to a distance of several ionic diameters. Debye and Huckel calculate that the radius of the ionic cloud in a strong electrolyte may be about 50 A.
It is not easy to make direct measurements of the mechanical properties of films at a distance of 100 A, or even a 1000 A, from a solid surface, and few attempts have been made to do this. The experimental difficulty of preparing a surface which is polished to this degree of flatness is very great and, of course, optical methods cannot be used for testing the surface or for measuring the distances. The evidence put forward in support of long-range surface action, however, does not come from experiments made in this region but from measurements at a much greater distance from the surface. The rigid structure of liquid films, which has been reported, apparently exists at distances of 1500 A to 50,000 A from the surface.
The results described in this paper are in direct conflict with these observations. No sign of induced rigidity was detected in liquids at a distance of 1000 A from the surface even at temperatures near the freezing point. All the liquids investigated, except liquid crystals, were unable to withstand the slightest pressure without normal flow. Within the limits of experimental error, the measured viscosity of the thin film was the same as that of the bulk liquid. If such rigid attached chains do exist in normal liquids, their length is certainly under 1000 A and probably very much less.
We desire to acknowledge our indebtedness to the late Sir William Hardy for his stimulating interest in this work, to Professor T. M. Lowry for his constructive advice, and to the Lubrication Research Committee of the Department of Scientific and Industrial Research for a grant.
Summary
A method is described for measuring the viscosity of very thin liquid films, about 10-5 cm up to any desired thickness. Thin films of a dilute solution of a liquid crystal show a pronounced rigidity, but there is no sign of an induced structure in normal liquids. Thin films of water, cyclohexane, alcohol, acetic acid, ethyl palmitate, and lithium chloride solution all behave as perfect fluids even when cooled to within 0*1° C of the freezing point. Within the limits of accuracy the viscosity of the film is the same as that of the liquid in bulk. No evidence can be found for rigid oriented chains of molecules extending from the surface to a distance of 1500 A to 50,000 A as reported. If these oriented chains exist, their length is certainly under 1000 A and probably very much less.
Physical Properties o f Surfaces 233
VOL. CLI.-A. (September 1', 1935) 
